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ABSTRACT 

This report describes an attempt to observe SH waves from several large 

underground nuclear explosions at first-zone distances (<600 km) from each 

event.   The data base was supplemented by seismograms from the World Wide 

Standard Station Network and Canadian Network.   Good SH arrivals were ob- 

served at the shorter ranges {< 250 km) but not at ranges between 250 km and 

= 1800 km. 

In an effort to detect the arrival of any S waves (SV or SH) within this 

"shadow zone," a flat-layered earth approximation was assumed (with hence 

critically refracted S-wave paths), and particle motion diagrams were then 

constructed.   (The flat-layered earth hypothesis suggests small angles of inci- 

dence and, therefore, rectilinear particle motion.) Such rectilinear motion was 

observed and in several "shadow-zone" instances, arrival times were consistent 

with the model chosen. 

The strong SH motion observed at shorter ranges appears to indicate that 

a "non-explosive" type of source mechanism occurred during the event.  This 

possibility tends to be confirmed by several observations of first-arrival P 

waves with rarefaction motion. 
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RELEASE OF TECTONIC STRAIN BY LARGE UNDERGROUND 
NUCLEAR DETONATION 

Final Report 

1 
INTRODUCTION 

The generation of shear waves by explosive sources has long been of interest to the seis- 

mological community. That such waves have been observed has never been doubted; however, 

questions about their generation have persisted. 

With four nuclear explosions (HANDLEY, BOXCAR, BENHAM, FAULTLESS) used as data 

sources, this report is based upon a display of 29 three-component, L-7 system seismograms 

recorded at relatively short distances (96.6 km to 587.0 km), and supplemented (except for 

HANDLEY* ) by data from 21 stations belonging to the World Wide Standard Station Network 

(WWSSN) and the Canadian Network. 

While amplitude information was taken from all of the WWSSN records, only those records 

from stations lying on the same approximate azimuth as the primary, close-in, L-7 stations 

are displayed.  Interpretation of the WWSSN seismograms for these and other events have been 

reported by Nuttli (1969) and are not elaborated upon. 

Figures 1-8 indicate the site of each nuclear event as well as the map locations of all stations 

utilized for purposes of this report.   Tables 1-4 give both event and station coordinates as well 

as distances and azimuths.   In each table the abbreviations for stations listed above the solid 

line were devised by the author to facilitate making the maps; conventional WWSSN and 

Canadian abbreviations are used for other stations. 

# 

■ 

INSTRUMENTATION 

All instruments for those stations listed above the solid line in Tables 1-4 are the „-7 

three-component packages described by Navarro, et al. (1967) [1]; Ref. 2 gives package re- 

sporse curves.  The instruments for stations listed below the solid line are the standard, long- 

penod systems used at all of the World Wide Standard Network Stations (see Ref. 3 for re- 

sponse curves) and at Canadian Network stations (see Refs. 4a and 4b for calibration curves). 

*No WWSSN data was available on the HANDLEY event. 
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FIGURE 1.   FIRST-ZONE SEISMIC STATIONS FOR HANDLEY.  Any plus and minus 
äigiis indicate P-wave first-motion polarity. 
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FIGURE 2.   FIRST-ZONE AND WORLDWIDE STATIONS FOR HANDLEY 
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FIGURE 3.   FIRST-ZONE SEISMIC STATIONS FOR BOXCAR.  Any plus and minus 
signs indicate P-wave first-motion polarity. 
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FIGURE 4.   FIRST-ZONE AND WORLDWIDE STATIONS FOR BOXCAR 
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FIGURES.   FIRST-ZONE SEISMIC STATIONS FOR BENHAM.   Any plus and minus 
signs indicate P-wave first-motion polarity. 
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FIGURE 6.   FIRST-ZONE AND WORLDWIDE STATIONS FOR BENHAM 
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FIGURE 7.   FIRST-ZONE SEISMIC STATIONS FOR FAUiiTLESS.   Any plus and minus 
signs indicate P-wave first-motion polarity. 
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FIGURE 8.   FIRST-ZONE AND WORLDWIDE STATIONS FOR FAULTLESS 
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TABLE 1.   STATION LOCATIONS, DISTANCES, AND AZIMUTHS FOR EVENT HANDLEY 

Latitude 37.300oN,  Longitude  116.5340W 

Marc h 26, 1970 
19:00:00.2 GMT 

Station Site Coordinates Distance 
Dep.         Km 

Azimuth 
Epicenter  to  Station 

Pahrump  (PN) 36.215 115.983 1.170 130.1 157.6° 

Squires Park  (SP) 36.17« 115.139 1.587 176.5 134.7° 

Ploche  (P) 37.937 114.450 1.773 197.1 68.4° 

Ely  (EI.Y) 39.131 114.892 2.239 249.0 34.8° 

Ruth  (R) 39.258 114.993 2.298 255.5 31.3° 

Bakersfield  (B) 35.356 119.058 2.814 312.9 227.2° 

Reno  (RFNB) 39.526 119.812 3.401 378.2 311.8° 

Los Anpeles  (UB) 34.053 118.256 3.531 392.6 22.9° 

Sacramento  (SWR) 38.576 121.49/ 4.125 458.6 289.5° 

Salt Lake City  (SLC) 40.748 111.872 5.002 556.2 45.1° 
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TABLE 2.   STATION LOCATIONS, DISTANCES, AND AZIMUTHS FOR EVENT BOXCAR 

Latitude  37.30oN,  Longitude  116.450W 

April 26, 1968 
15:00:00.1 GMT 

Station Site Co 

11 
Drdinates 

y 
Distance Azl::uth 

DeR- Km Epicenter   to  Station 

Pioche  (P) 37.937 11A.A50 1.717 190.9 67.5° 

Austin  (A) 39.490 717.070 2.2A7 249.9 347.8° 

San Francisco  (SF) 37.803 122.399 A. 751 528.2 277.9° 

Ogden  (OG) Al.233 111.917 5.279 587.0 A0.5o 

Edmonton   (EDM) 53.222 113.350 16.072 1787.2 6.7° 

Fort St.   James   (FSJ) 5A.A33 124.250 17.959 1997.0 3A5.1° 

Flin Flon  (FFC) 5A.725 101.93A 20.065 2231.2 25.1° 

Oxford   (OXF) 3A.512 89.A09 22.059 2452.3 89.1° 

Spring Hill   (SHA) 30.693 88.38A 24.131 2683.2 97.5° 

Ann Arbor  (AAM) A2.301 83.657 25.590 2845.5 68.5° 

Atlanta  (ATL) 33.A3A 8A.336 26.401 2935.7 88.7° 

Blacksburg  (BLA) 37.211 80.422 28.572 3177.1 79.1° 

Baker Lake  (BLC) 6A.316 95.017 29.941 3329.3 18.6° 

Coppermine  (CMC) 67.83A 115.083 30.599 3402.4 1.0° 

Georgetown   (GEO) 38.900 77.066 30.875 3433.1 7A.80 

Great Whale River  (GWC) 55.291 77.756 31.688 3523.5 A2.90 

Ogdenburg  (OGD) Al.066 74.617 32.422 3605.1 70.2° 

College  (COL) 6A.900 147.800 33.257 3698.1 336.1° 

Weston  (WES) A2.385 71.320 34.709 3859.9 67.2° 

M-iuld Bay   (MBC) 76.2A2 119.333 39.065 4343.8 358.9° 

Alert   (ALE) 82.A8A 62.A00 48.721 5417.5 8.2' 

• ■ . 
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TABLE 3.   STATION LOCATIONS, DISTANCES, AND AZIMUTHS FOR EVENT BEHHAM 

Latit ude 37.230N,  Longitude  116.47 
December 19, 1968 

16:30:00:04 GMT 

»W 

Station Site Coordinates 
^N                 ^W 

Distance Azimuth 
Peg. Km Epicenter  to  Station 

Squires Park  (SP) 36. m 115.139 1. 505 167.4 134.1° 

Ely  (ELY) 39.131 114.892 2.269 252.3 32.8° 

iakersfield  (B) 35.356 119.058 2.804 311.8 228.9° 

Reno  (RA) 39.508 119.021 3.028 336.7 319.4° 

Los Angeles   (UB) 3A.053 118.256 3.488 387.9 205.1° 

Sacramento (SWR) 38.576 121.497 4.193 466.2 290.2° 

Salt Lake City   (SLC) 40.7A3 111.872 5.017 558.9 44.2° 

Corvallls  (COR) 44.586 123.302 8.982 999.7 327.0° 

Fort St.  James   (FSJ) 54.433 124.250 18.018 2003.5 345.2'' 

Oxford  (OXF) 34.512 89.409 22.071 2454.2 88.9° 

^llow Knife  (YKC) 62.478 114.478 25.304 2813.7 2.2° 

Ann Arbor (AAM) 42.301 83.657 25.629 2849.8 68.4° 

Blacksburg  (BLA) 1/.211 80.422 28.600 3180.2 79.0° 

State College Penn   (SCP) 40.795 77.867 30,045 3340.9 71.1° 

Coppermine  (CMC) 38.900 77.066 30.664 3409.7 1.0° 

Ottawa  (OTT) 45.393 75.715 31.405 3492.1 62.0° 
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TABLE 4.   STATION LOCATIONS, DISTANCES, AND AZIMUTHS FOR EVENT FAULiLESS 

Latitude  38.6:40N,  Longitude  116.215°» 
January 19, 1968 
18:15:00.08 GMT 

Station Site Coordinates 
TJ      ^W 

Distance Azimuth 
Dep. Km Epicenter to Station 

Eureka (EKA) 39.483 115.970 0.869 96.6 12.6° 

Ploche (P) 37.937 114.450 1.554 172.8 116.1° 

Reno (RA) 39.508 119.776 2.906 323.1 288.6° 

Fresno (FSO) 36.729 119.822 3.',36 382.0 237.5° 

Great Salt Lake Fill (GSLF) 41.220 112.642 3.770 419.2 45.6° 

Bakersfleld (B) 35.356 119.058 3.986 443.2 215.7° 

Sacramento (CTPN) 38.521 121.492 4.137 460.0 270.1° 

Ogden (OG) 41.233 111.917 4.202 467.2 50.5° 

Los Angeles (BSC) 34.090 118.339 4.848 539.1 201.3° 

San Francisco (SF) 37.803 122.399 4.991 549.9 262.2° 

Salt Lake City (SLC) 40.748 111.872 5.002 556.2 45.1° 

Edmonton (EDM) 53.222 113.350 14.724 1627.2 6.8° 

Fort St. James (FSJ) 54.433 124.250 16.724 1859.7 343.5° 

Oxford (OXF) 34.512 89.409 21.883 2433.3 92.6° 

Yellowknife (YKC) 62.478 114.478 23.897 2657.3 2.0° 

Spring Hill (SHA) 30.693 98.384 24.155 2685.9 100.7° 

Ann Arbor (AAM) 42.301 83.657 24.951 2774.4 71.1° 

Blacksburg (BLA) 37.211 80.422 28.161 3121.3 81.6° 

Baker Lake (BLC) 64.316 95.017 28.616 3182.0 19.2° 

Ogdenburg (OGD/ 41.066 74.617 31.8x1 3537.3 72.2° 

Weston (WES) 42.385 71. 320 34.036 3784.6 69.1° 
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S-WAVE OBSERVATIONS 

As fcand by Nuttli, it is often difficult to observe S waves at short distances.  The three- 

component seismograms reproduced in Figs. 9-16 show the extreme variation between the clear 

arrivals at greater distances and the complex seismograms obtained at the shorter first-zone 

distances (<250 km).   However, it is also shown that for some events at some close-in stations, 

very clear S waves of both SV and SH types are observable. 

The strong SH arrivals arc the most significant finding from this work. These waves are 

generated at the source since they cannot be created at geologic interfaces along the propaga- 

tion path. 

The seismograms show that most of the clear S wave arrivals are SV types propagated 

directly from the explosive source.   However, because the travel time of the SV waves Is so 

close to that of the SH waves, one must conclude that at least the major part of the path was 

traversed as an S wave.  It Is well known [5, 6, 7, 8] that one should not expect rectilinear SV 

particle motion at distances less than approximately 41°.   However, re .tlllnear motion was 

observed and the corresponding arrival times plotted in Figs. 17 and 18 are In several cases 

consistent with the arbitrarily selected model.  This leads one to conclude that the S waves at 

these distances travel refracted ray paths and therefore arrive at the surface at small angles 

of incidence, thus producing ln-phase motion between the radial and vertical components.  The 

fact that rectilinear motion was observed frequently, and at consistent times, should not be 

construed as an indication of tectonic strain release at the source.   Because SV waves can be 
generated by P-wave reflection, those arrivals that deviate greatly from the model may be 

P-wave generated. 

The amplitudes appearing in Tables 5 through 7 were measured on the V/WSSN and Cana- 

dian records in accordance with the criteria prescribed by Nuttli [9] In 1968.  They are Included 

herein only for comparison with the first zone amplitudes glvon In Tables 8 through 11.   Anal- 

ysis of this type of data has been performed by Nuttli (1969) and Is not duplicated here.  These 

data could also form the basis for study of a P-wave/S-wave discriminate and it is suggested 

that such work be started. 

It should be noted that the records obtained at the WWSSN and Canadian stations show 

"strong" signals for the three events, whereas the first-zone records vary considerably from 

event to event.  To cite an example of the latter variation:  BOXCAR shows clear S arrivals at 

Pioche and Austin, as does HANDLEY at Pahrump and Squires Park; but the BENHAM first- 

zone records so not reveal any clear S waves. 

The seismograms (Figs. 9-16) also show that In several cases where no S waves are evi- 

dent at first-zone distances, they become observable along the approximate same azimuth at 

14 
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FIGURE 9.   THREE-COMPONENT SEISMOGRAMS FROM HANDLEY (FIRST-ZONE STATIONS). 
The words "right," "toward," and "away" are in reference to an observer at the station facing 

the epicenter. 
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FIGURE 10.  THREE-COMPONENT SEISMOGRAM8 FROM HANDLEY (FIRST-ZONE STATIONS). 
The words "right," "toward," and "away" are in reference to an observer at the station facing 

the epicenter. 
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FIGURE 11.   THREE-COMPONENT FIRST-ZONE AND WWSSN SEISMOGRAMS FROM BOXCAR. 
The WWSSN selsmogram shown here lies approximately on the same azimuth as the accompany- 
ing first-zone seismograms.  The words "right," "toward," and "away" are in reference to an 

t observer at the station facing the epicenter. 
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FIGURE 12. THREE-COMPONENT FIRST-ZONE AND WWSSN SEISMOGRAMS FROM BENHAM. 
The WWSSN seismograms lie approximately on the same azimuth as the accompanying first-zone 
seismograms.   The words "right," "toward," and "away" are in reference to an observer at the 

station facing the epicenter. 
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words "right," "toward," and "away" are in reference to an observer at the station facing 

the epicenter. 
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seismograms.  The words "right," "toward," and "away" are in reference to an observer at the sta- 

tion facing the epicenter. 
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the greater rangesof WW3SN and Canadian stations.   For example, while the BENHAM first- 

zone records (Fig. 13) do not show any clear S waves, the WWSSN and Canadian stations (Fig. 12) 

show strong S arrivals for the same event.  The FAULTLESS records (Figs. 14-16) show some 

fair S waves at nearby Eureka and Pioche but these are certainly not as strong as In the BOX- 

CAR and HANDLEY records cited above. 

Travel time data is tabulated and graphed (Figs. 17 and 18) to aid In S-wave identification. 

The travel time curve for Press's model (1960) of the California-Nevaaa region [10] provided 

a guide; his model 5 DM was used with the modification described in the Scime text.  No crustal 

or mantle structure interpretation is given in the present report. 

Particle motion diagrams of all first-zone records were constructed in an attempt to de- 

tect S-wave motion where none could be seen by inspection.   Although the specific types of mo- 

tion comprising S waves are not known, one should hope to see rectilinear SH motion, recti- 

linear SV motion due to small angles of incidence, or the shear-coupled PL elliptical motion 

In the latter case, one would identify the very first elements of the elliptical motion as the 

S wave.  Several cases of rectilinear motion at small angles of Incidence were found. 

P-WAVE STUDIES 

P-wave travel times from each event have been plotted (Fig. 19) to make sure that the 

Identification was correct and to show that every station received a i?-wavo signal even though 

no S wave was recorded at many stations (particularly for the BENHAM event).   P-wave po- 

larity (+ for earth motion up,—for earth motion down) Is Indicated In Figs. 1, 3, 5, and 7. 

CONCLUSIONS 

Good SH arrivals at first-zone distances were observed from the FAULTLESS, BOXCAR, 

and HANDLEY explosions.   From BENHAM, on the other hand, no good SH or SV arrivals were 

seen at such distances, despite the fact that WWSSN stations show strong SH waves for BENHAM 

(as well as for FAULTLESS and BOXCAR).  At WWSSN and Canadian stations along the same 

azimuth as first-zone stations, good SH arrivals are noted for BENHAM whereas the first-zone 

stations did not receive good signals. 
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Attempts were made to observe SV and SH waves under very poor signal-to-noise condi- 

tions. Rectilinear particle motion for the SV wave was assumed and all records were scanned 

for such motion.  Results were deemed moderately successful. 

Despite several good SH recordings,* these were too few to warrant plotting radiation patterns. 

However, several P-wave rarefaction  irst motions were observed and plotted.   These observa- 

tions qualitatively agree with the fact that several good SH records were observed. 

In general, the data tend to indicate that the events FAULTLESS, BOXCAR, and HANDLEY 

may havo produced some release of tectonic strain.   For event BENHAM, the first-zone data 

are less conclusive. 

*It must be understood that SH waves could also be generated by ;xplosions in nonspheri- 
cal cavities [11]. 
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